Abstract-The effect of steroids on the uptake and release of K+ by capillaries isolated from rat brain was investigated. 86Rb' uptake was used as a transport analog of K+. The uptake of 86Rb' by the capillaries was markedly inhibited by ouabain. The ouabain sensitive fraction of 86Rb' uptake was inhibited by corticosterone with an 150 of 8 X 10m4M. Inhibition was immediate in onset and rapidly reversible after removal of the steroid. Corticosterone did not alter the affinity of the transport carrier for K+ or the passive efflw of '6Rb' from the capillaries. Other steroids inhibited ouabain sensitive %Rb+ uptake in relation to their lipid solubihty. These features suggest a direct membrane action for high dose steroid therapy, possibly on Na+,K+-ATFase, rather than a nuclear mediated change in cell
In addition to their well-known interaction with high affinity receptors in target cells [l] , steroids may produce pharmacological responses by direct action on cellular membranes and enzymes . A direct action is more likely to be the mechanism when very high doses of steroid are required for a therapeutic response, as is found in the treatment of brain edema following head injury [5, 6] . The endothelial cells in brain capillaries are involved in the formation of this type of brain edema [7, 8] and are a possible site for the beneficial action of high dose steroid therapy.
It has recently become possible to isolate metabolically active brain capillaries that are suitable for study of drug interactions. The uptake of potassium by isolated brain capillaries is mediated by Na+,K+-ATPase [9, lo] . The activity of this enzyme is linked to fluid secretion in other barrier tissues [ll] . Since an alteration in fluid secretion by brain capillaries may be important to the formation or resolution of brain edema, we investigated the effect of steroids upon this process. We found that steroids inhibit the uptake but not the release of potassium by isolated brain capillaries.
METHODS

Isolation of capillaries.
Capillaries were isolated from the cerebral cortex of 30-day-old male SpragueDawley rats using albumin flotation and glass bead filtration as described previously [9, 12] . The cell preparation buffer (CPB) consisted of an oxygen saturated solution of 147 mM NaCl, 3 mM KCl, 3 mM * Supported by grants from the National FoundationMarch of Dimes and the National Institutes of Health (ES02380 and HL25492). CaClr, 1.2 mM MgClr, 15 mM N-Zhydroxyethylpiperazine-N'-Zethanesulfonic acid (HEPES), pH 7.4,5 mM glucose, and 1% fraction V bovine serum albumin. Cell protein was determined by the method of Lowry et al. [13] after overnight solubilization in 1% sodium dodecylsulfate, using crystalline bovine serum albumin as a standard. Approximately 5mg of capillary protein were recovered from twenty rat brains, and this was resuspended at a final concentration of l-2 mg/ml and kept on ice.
Solubilization of steroids. To maintain solubility, all of the steroids, including ouabain, were dissolved in concentrated dimethylsulfoxide (DMSO) prior to dilution with incubation buffer. In most experiments, DMSO was present in a final concentration of 1.2% or less (v/v) and, by itself, had no effect on rubidium uptake by brain capillaries or Na+,K+-ATPase in brain microsomes. At very high concentrations of steroids (greater than or equal to 5 mM aldosterone, 3 mM corticosterone, 1 mM deoxycorticosterone, or 0.5 mM progesterone), it was necessary to increase the DMSO concentration to 5%. This concentration of DMSO inhibited ouabain sensitive rubidium uptake and Na+,K+-ATPase by approximately 20 per cent. Control incubations had the same concentrations of DMSO in all experiments.
Assay of rubidium-86 ion (%Rb+) uptake. Rb+ and K+ appear to be transported by the same mechanism in tissues and cell cultures [9, 14] . Because of its longer half-life, %Rb+ was used as a tracer for K+ (final concentration of RbCl, 0.4 to 40 fl). A 50 fl aliquot of ice-cold capillary suspension was added to a 1 ml polypropylene microfuge tube and preincubated for 3-5 min at 37". Following this period of warming, 150 @ of CPB at 37" containing steroids and/or DMSO was added to the cells. Immediately or 5 min later, approximately 1 @i of %Rb+, in 50 fl of buffer, was added to the incubate. In one experiment, the concentration of KC1 in the buffer was varied from 0.25 to 16mM. The incubation of the cells with "Rb+ was stopped by pipetting 200~1 of the reaction mixture into 8 ml of ice-cold albuminfree buffer. The cells were separated from the incubation buffer by rapid vacuum filtration onto 0.8 pm cellulose filters (Amicon) and washed twice with 8 ml of buffer to remove extracellular "'Rb+. The filters were transferred to scintillation vials and assayed for radioactivity using standard liquid scintillation methods.
Assay of s6Rb+ ejjY!ux. Capillaries, suspended in 3 ml of CPB, were incubated with X6Rb+ for 60 min; the suspension was divided among nine tubes and washed with isotope-free buffer (25") twice by centrifugation (SOOg for 3min). After the third centrifugation, the aliquots of cells were resuspended in 1.5 ml of 86Rb+ free buffer (37") containing 1.2% DMSO, 1 mM corticosterone, or 1OmM ouabain. The amount of radioactivity retained by the cells was determined by serial sampling of the cells in each tube at six time points. The cells were filtered and washed as described above.
Measurement of Na',K+-A TPase activity in brain microsomes. Microsomes were prepared from the cerebral cortices of three 32-day-old male SpragueDawley rats. The cortices were suspended in icecold isotonic (0.275M) sucrose (1 g wet wt of tissue/10 ml) and homogenized in a tight-fitting Teflonglass motor-driven homogenizer (10 strokes at 750 rpm). The crude homogenate was diluted 1: 1 with isotonic sucrose and centrifuged at 10,000 g for 10 min. The supernatant fraction was decanted and centrifuged again at 40,000 g for 45 min. The final pellet was resuspended in 15 mM HEPES buffer, pH 7.4 (20 ml/g of initial tissue wt). Aliquots of this microsomal fraction were stored overnight at -20" before being assayed for enzyme activity.
Na+,K+-ATPase activity was assayed as tallows. An aliquot of the microsomal fraction was thawed, refrozen, and thawed on the day of assay. Then 0.1 ml of homogenate (approximately 50 pg protein) was added (at 37") to 0.9ml of medium containing 100mM NaCl, 30mM KCI, 4mM MgClz, 50mM Tris, pH 7.4, 1 mM EDTA, and variable concentrations of ouabain (1 nM-10 mM) or corticosterone (1 nM-3 mM) dissolved in DMSO; blanks included the same solutions without KCI. The tubes were mixed and preincubated for 5 min at 37" and then incubated for 10 min in the presence of 4 mM ATP (disodium salt). These conditions gave linear rates of inorganic phosphate (PJ formation for at least 20 min. The reaction was stopped by adding 0.5 ml of 30% trichloroacetic acid. P, was assayed by the method of Bonting [ll] . Na',K '-ATPase activity was calculated as the difference in activity of the complete system (f 30 mM KCI) from that without KCI.
MATERIALS
Radioactive rubidium (86Rb), l- 
RESULTS
Capillaries isolated from rat cortex exhibited temperature-dependent uptake of x6Rb+, and at 37" 80 per cent of this uptake was inhibited by 10mM ouabain (Fig. 1) . Since ouabain-sensitive potassium uptake is mediated by Na+,K+-ATPase [ll], we measured the uptake of 86Rb+ to study the inhibition of this enzyme pump by steroids. addition of 1 mM corticosterone to the incubation medium, we found that the initial rate of ouabainsensitive %Rb+ uptake was lower than that of the control (Fig. 1) . This inhibition by corticosterone was apparent for at least 1 hr after the intracellular pool of %Rb+ reached a steady-state concentration.
Since our assay measured retention of "Rb+ by capillaries, we considered the possibility that corticosterone might increase the rate of @jRb+ efflux from the cells or irreversibly damage all or part of the cell population. To test the first possibility, we incubated the cells for 60 min with *'Rb+ to achieve a steady-state level of intracellular 86Rb', washed out the excess extracellular radioactivity by centrifugation, and then added 1 mM corticosterone, or 1.2% DMSO, in 86Rbf free buffer to triplicate pools of capillaries. As shown in Fig. 2 , corticosterone neither increased nor decreased the rate of efflux or the final intracellular level of @Rb+ as the new steady-state level was approached. If 0.1% (v/v) Triton X-100 was added at time zero, 99.9 per cent of the radioactivity was lost within 30sec (data not shown). In contrast, 10mM ouabain was without effect on the rate of &Rb+ efflux.
To determine whether the inhibitory effect of corticosterone was reversible, we incubated cells for 5 min in the presence of 1 mM corticosterone. The cells were washed free of excess steroid by centrifugation and then resuspended in steroid free buffer Smin before %Rb+ was added. Controls included cells that were exposed to steroid before and after the wash procedure (Fig. 3B ) and cells that were exposed only to steroid free buffer (Fig. 3A) . Cells exposed to steroid for 5 min, washed free of steroid, and then exposed to steroid again in the presence of %Rb+ showed reduced uptake as before (Fig. 3B) . However, cells exposed to steroid for 5 min and then washed free of steroid (Fig. 3C) took up %Rb+ at the same rate as cells not exposed to steroid (Fig.  3A) . This indicates that the inhibitory action of 1 mM corticosterone was reversible.
In the presence of buffer containing variable K+ Fig. 3 . Reversibility of steroid inhibition of '6Rb' uptake by isolated brain capillaries. Before adding '%b+, the capillary suspension was incubated for 5 min with 1 mM corticosterone (B and C) or with steroid free buffer (A). Cells were washed free of excess steroid (A, B and C) and incubated again for 5 min with 1 mM corticosterone (B) or steroid free buffer (A and C). Uptake of '6Rb+ was assayed 3 min after adding 2.9 x 10' cpm/250 ~1. Each point is the mean + S.D. of three determinations, concentrations with or without 1 mM corticosterone, the rate of K' (as "Rb+) uptake increased with increasing concentrations of K+ up to a maximum velocity which was achieved when the K+ concentration was between 8 and 12 mM (Fig. 4) . One mM corticosterone decreased the maximum rate of uptake by approximately 50 per cent. The potassium concentration at which half-maximum velocity was achieved (2.5 to 3 mM) was the same in the control and corticosterone-treated groups. This suggests that the interaction of corticosterone with the potassium transport site was noncompetitive. The inhibition of ouabain-sensitive 86Rb+ uptake by corticosterone was dependent upon the concentration of steroid. The half-maximum inhibitory dose (Is,,) was approximately 8 x 10m4 M. Under these experimental con- ditions, we did not see an effect in the 1 nM-1 PM range (Fig. 5) .
To explore the steroid specificity of this response, we assayed the uptake of "Rb+ in the presence of various concentrations of glucocorticoid and nonglucocorticoid steroids. The results are summarized in Table 1 . Steroids are ranked according to their Iso values. This potency correlated with published acetone : water partition coefficient values for these steroids [15] rather than with their affinities for the cytosol corticosteroid receptor.
Since the inhibitory effects of corticosterone were consistent with a direct action of Nat&'-ATPase, but might be explained by altered ATP levels in the cells, we tested the inhibitory potency of this steroid * Steroids were added to cells 5 min before the addition of %Rb+, and uptake was assayed 3 min later. I50 (concentration of steroid giving 50 per cent inhibition) was estimated from at least three points lying on the linear portion of the dose-response curve. Each point was the mean of three determinations. One hundred per cent uptake was equal to uptake under control conditions (in buffer containing thh appropriate concentrations of tiMSO) minus uptake in the presence of 10 mM ouabain (100 per cent inhibition).
in a microsome preparation of Na+,K'-ATPase prepared from rat cortex, in which ATP was present in excess. The Iso of both ouabain and corticosterone (0.01 mM and 0.6 mM respectively) in brain microsomes (Fig. 6 ) was similar to that found in the isolated capillaries (Table 1) . It was not possible to perform this experiment reliably with crude microsomal preparations from brain capillaries because of high activity of ouabain-insensitive phosphatases.
DISCUSSION
Active secretion of fluid appears to be mediated by Na',K+-ATPase in most tissues, including the choroid plexus [ll] . We measured the uptake of @'Rb+, a transport analogue of potassium, to estimate the activity of this monovalent cation pump in isolated brain capillaries. We found that rubidium uptake was temperature sensitive and afmost entirely eliminated by a brief exposure of the cells to ouabain. The ouabain-sensitive fraction of rubidium uptake was inhibited by corticosterone with an IJo of 8 x 1O-4 M. Other steroids inhibited rudibium uptake in direct relation to their lipid solubility. The inhibition of potassium uptake by steroids was immediate in onset, readily reversible, and not associated with a change in the affinity of the transport carrier for potassium. These features suggest a direct effect of corticosterone upon the transport system rather than a nuclear mediated change in membrane function. Most other investigations of steroid action have focused on cell activity induced by altered protein synthesis that results from steroid-receptor interactions in the nucleus 111. These responses usually occur at micromolar concentrations of steroid, require a latency of several hours for expression, and are slow to resolve after removal of the steroid. At high concentrations, however, steroids may have direct effects upon membrane permeability [24] . Some of these responses appear secondary to an alteration in the lipid structure of the plasma membrane. In this case, simultaneous changes in passive ion permeability and active ion pumps are produced as a result of the steroid action [16, 17] . In brain capillaries, we found that concentrations of steroid that inhibited ouabain sensitive uptake of rubidium did not alter its passive efflux from the capillaries. Similar concentrations of corticosterone also inhibited Na+,K+-ATPase activity in brain microsomes in the presence of excess ATP (Fig. 6) , indicating that the steroid was probably not acting by limiting the entry or oxidation of energy substrates. Therefore, we suspect that the steroids were acting directly on the Na+,K+-ATPase pump. The structural similarity of several of these steroids to the active portion of ouabain lends support to this hypothesis [18] . In addition, it has been reported that micromolar concentrations of dexamethasone inhibit Na+,K+-ATPase in microsomes prepared from human choroid plexus [19] , and hydroxy progesterone derivatives (but not corticosterone) displace the specific binding of [3H]ouabain in the total particulate fraction of dog heart [20] . It remains to be determined whether these differences in steroid specificity and sensitivity are due to different mechanisms of steroid action on the Na+,K+-ATPase pump or the result of differences in the steroid (ouabain) binding sites in these species.
We postulate that inhibition of active sodium and potassium transport in brain capillaries and choroid plexus produces a secondary decrease in CSF secretion. This may be a mechanism whereby very large doses of glucocorticoids lower increased intracranial pressure in patients with brain edema. Such a decrease in fluid formation should decrease the size of the extracellular fluid compartment of the brain, increase brain compliance and lower intracranial pressure even in the continued presence of brain edema. Furthermore, lowering the rate of CSF formation may facilitate the reabsorption of extracellular brain edema by enhancing its bulk flow into the ventricles and then through the subarachnoid space to the arachnoid villi [21, 22] . If inhibition of ion pumps in brain capillaries and choroid plexus is a mechanism of the beneficial action of high doses of steroids in brain edema, the therapeutic index may be quite narrow, since inhibition of Naf,Kf-ATPase in other brain cells could produce toxic swelling and injury. It may, therefore, be fruitful to search for inhibitors of ion tranport with greater specificity for brain capillaries and choroid plexus.
